Introduction. Greater splanchnic nerve (GSN) is by far the largest of the splanchnic nerves and connects the paravertebral and prevertebral ganglia to transmit the majority of nociceptive information from the viscera. Despite its importance, the immunohistochemical features of the porcine GSN neurons have not yet been examined. Therefore, the aim of the study was to investigate the neurochemistry of the porcine GSN neurons and to compare their neurochemical coding with those of the paravertebral and prevertebral ganglia. Material and methods. Four gilts of Large White Polish breed were examined in this study. Antibodies to tyrosine hydroxylase (TH), dopamine b-hydroxylase (DBH), choline acetyltransferase (ChAT), neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), somatostatin (SOM), galanin (GAL), methionine-enkephalin (MET), calcitonin gene-related peptide (CGRP), and substance P (SP) were used for immunohistochemical detection of classical neurotransmitters marker enzymes and neuropeptides in neuronal cell bodies of the GSN. Results. Double-labeling immunofluorescence revealed that virtually all GSN neurons exhibited the presence of catecholamine-synthesizing enzymes (TH/DBH-positive) and subpopulations of neurons contained immunoreactivity to NPY, VIP, SOM, GAL and MET. However, CGRP and SP-immunoreactivity were not observed in neuronal somata. Conclusions. Our data strongly suggest that the general immunohistochemical characterization of ganglion cells in the porcine greater splanchnic nerve is similar to that of the prevertebral ganglia (e.g. celiacomesenteric ganglion).
Introduction
The myelinated presynaptic sympathetic axons that pass through the paravertebral ganglia and continue to the prevertebral ganglia form a major portion of the splanchnic nerves in the domestic animals [1] . The porcine thoracic splanchnic nerves are the splanchnic nerves that arise from thoracic paravertebral ganglia inside the thoracic cavity and divide into three main categories, namely, the greater (major), lesser (minor), and least (imus) with regard to their level and dimensions [2] . The porcine greater splanchnic nerve (nervus splanchnicus major) is by far the largest of the splanchnic nerves and is frequently larger than postdiaphragmatic sympathetic trunk and terminates essentially in the adrenal and celiac mesenteric plexuses [3] . Therefore, these nerves connect the paravertebral and prevertebral ganglia. In addition, the celiac ganglia are functionally related to the splanchnic nerves [4] . The splanchnic nerves contain the visceral efferent fibers but also pain-conducting visceral afferent fibers [5, 6] and transmit the majority of nociceptive information www.fhc.viamedica.pl from the viscera. Clinically, splanchnic nerve block may provide relief of pain in a subset of patients who fail to obtain relief from celiac plexus block [7] .
The presence of ganglia in the human greater splanchnic nerve was histologically investigated [8, 9] . The role of neuropeptides as putative neurotransmitters has become an important consideration in the study of nervous system functions. Different neuropeptides have previously been reported to exist in neurons of paravertebral and prevertebral ganglia in various mammalian species, including vasoactive intestinal polypeptide (VIP) in the pig [10, 11] , cat [12] , newborn and young mice [13] , sheep [14] , rat neonates and pups [15] , and humans [16] ; encephalin (MEAGL) in the pig [10, 11] ; neuropeptide Y (NPY) in the pig [10, 11] , cat [12] , newborn and young mice [13] , sheep [14] , rat neonates and pups [15] , and humans [16] ; substance P (SP) in the pig [10, 11] , cat [12] , sheep [14] , and humans [16] ; calcitonin gene-related peptide (CGRP) in the pig [10, 11] , cat [12] , newborn and young mice [13] , sheep [14] , and rat neonates and pups [15] ; galanin (GAL) in the newborn and very young mice [13] , sheep [14] , rat neonates and pups [15] , and pig [17] ; somatostatin (SOM) in the pig [10, 11] , cat [12] , rat neonates and pups [15] , humans [16] , and newborn and young mice [18] . In this study, attention has been focused on the neurochemical characteristics of neurons in the porcine greater splanchnic nerve, because until now the porcine GSN neurons have yet not been characterized by immunohistochemistry. Additionally, with regard to neural connections of the greater splanchnic nerve, we decided to compare neurotransmitter features of those neurons with neurons in paravertebral and prevertebral ganglia. Pig is also widely used in neuroscience as a model because of their anatomical and physiological similarities to humans [19] . Therefore, the present study was performed by using double-immunocytochemistry method for distinguishing the occurrence and pattern of colocalization of neurotransmitters such as tyrosine hydroxylase (TH), dopamine b-hydroxylase (DBH) as markers of catecholaminergic neurons, and choline acetyltransferase (ChAT) as a marker of cholinergic neurons as well as neuropeptides, namely neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), somatostatin (SOM), galanin (GAL), methionine-enkephalin (MET), calcitonin gene-related peptide (CGRP), and substance P (SP). 4) . The thoracic sympathetic trunks and ganglia were gently dissected to remove the greater splanchnic nerves which were formed by roots derived from the last several thoracic ganglia and interganglionic branches. The nerves were postfixed in the same fixative for 30 min, and transferred to 18% sucrose in 0.1 M phosphate buffer with 0.05% NaN 3 for storage at +4°C until processing. Cryostat sections 15 µm thick were put on chrome alum-gelatine-coated slides, dried for 20 min at room temperature (RT) and stored desiccated at -70°C. For finding neuronal cell bodies in the greater splanchnic nerve, some slides were stained with 1% thionine in water. For immunohistochemistry, sections were re-hydrated in phosphate-buffered saline (PBS, pH 7.4) and processed for indirect immunofluorescence as described previously [20] . The data of antibodies used are listed in Table 1 . Primary antibodies were used in following combinations: TH/DBH, TH/ChAT, TH and DBH/NPY, TH and ChAT/VIP, TH/GAL, TH/MET, DBH/ /SOM, TH/SP and TH/CGRP.
Material and methods
The slides were observed and images were captured by using a laser scanning confocal microscope (MRA-2, Bio Rad, Hemal Hempstead, UK) or fluorescence microscope (Axiophot, Zeiss, Jena, Germany) equipped with the appropriate filter for Alexa Fluro and a digital camera (Olympus, C-2020Z, Japan).
Results
The neuronal cell bodies were localized throughout the porcine GSN and the distribution of neurons did not show a topographical arrangement (Fig. 1) .
Virtually all of cell bodies were TH-positive and exhibited also immunoreactivity to DBH (Fig. 2) . Intensity of immunostaining of TH-immunoreactive (IR) neurons varied. Approximately 30% of them showed strong TH-immunoreactivity and they were mainly located at the periphery of the ganglia while the rest (70%) of perikarya displayed moderate TH-immunoreactivity. Double-labeling immunostaining revealed that DBH-positive neurons were ChAT-negative (Fig. 3a, b) .
A great number of evenly distributed NPY-IR neurons were present in the GSN neurons. They displayed immunoreactivity to TH (Fig. 3c, d ), whereas only single NPY-IR neurons immunonegative for DBH were found in the ganglia (Fig. 3e, f) .
Single VIP-positive neurons were visible in ganglia in the different areas. They were often TH-negative; www.fhc.viamedica.pl however, single neurons were TH-positive (Fig. 4a, b) . They exhibited also ChAT-immunoreactivity (Fig. 4c, d ).
Single neural cell bodies were GAL-positive (Fig. 4e, f) . They usually showed TH-immunoreactivity and were located in different areas. Only single GAL-positive neurons did not express TH-immunoreactivity (Fig. 5a, b) .
Big clusters containing very small cells were noted occasionally. They displayed GAL-immunoreactivity and were TH-IR (data not shown). Probably they represented chromaffin cells.
A few neurons were MET-IR. They often expressed TH-immunoreactivity (Fig. 5c, d ). Only single neurons were not TH-IR.
Immunoreactivity to SOM was displayed by single neurons throughout the ganglia. They were also DBH-IR (Fig. 5e, f) .
In all examined ganglia, immunoreactivity to SP and CGRP was not detected in the neurons.
Discussion
The present study demonstrates the presence of neurons in the ganglia of the porcine greater splanchnic nerve. The vast majority of neurons expressed TH and DBH-immunoreactivity. It means that these cell bodies are noradrenergic. This is in agreement with previously obtained data on the paravartebral ganglia of the rat neonates and pups [15] , newborn and young mice [13, 18] , newborn and young mice and rats [21] , and on the prevertebral ganglia of the pig [17] . The remaining small population of neurons in the greater splanchnic nerve did not express TH or DBH. On the other hand, we did not detect any neurons immunoreactive to ChAT. Therefore, it is possible that the TH-or DBH-negative neurons can be regarded as non-noradrenergic/non-cholinergic, which is also consistent with results of other studies on the neurons of the sympathetic ganglia in sheep [14] or pig [17] . NPY was widely distributed in neurons throughout the porcine greater splanchnic nerve ganglia. NPY is a major co-transmitter in the sympathetic ganglia, which is in accordance with immunohistochemistry reports in neurons of the sympathetic ganglia in pig [11] , newborn and young mice [13] , sheep [14] , rat neonates and pups [15] , and humans [16] . Previous studies described various size of the population of NPY-IR neurons in sympathetic ganglia in different mammals: 80% in the porcine celiac-superior mesenteric ganglia (CSMG) [17] , 80-85% in the superior cervical ganglion (SCG) and middle cervical ganglion (MCG) of the cats and dogs [22] , 40-60% in porcine stellate ganglion (SG) [10] , 5-10% in porcine thoracolumbar ganglia [11] . There was an increase in the proportion of NPY-positive neurons during postnatal period from birth to 60 dpp of rats and mice [13, 15, 18, 21] . Thus, our findings are in accord with the results of previous studies describing the population of NPY-positive neurons in the postnatal period in rat and mouse [13, 15, 18, 21] , dog and cat [22] , and pig [17] .
In the noradrenergic neurons, NPY are often co-localized with catecholamine-synthesizing enzymes www.fhc.viamedica.pl (TH/DBH). In the present study, all neurons which showed TH-immunoreactivity were also NPY-IR, while in the neurons of the porcine superior cervical ganglion (SCG), only small population of nerve cells contained both TH and NPY [23] . In our study, only single NPY-IR neurons were immunonegative for DBH. Such result was reported previously in the ovine MCG and in the SG of newborn and young mice and rats [14, 21] .
VIP, a neurotransmitter characteristic of cholinergic neurons was also found in the neurons of the porcine greater splanchnic nerve. The population of VIP-IR perikarya found in sympathetic ganglia varies between species. Single neurons exist in the ganglia of the porcine lumbar [24] , stellate [10, 24] , celiac-superior mesenteric ganglia [18] . In the porcine thoracic ganglia several clusters of 4 or more VIP-IR cells were described [24] , and a small number of VIP-IR ganglionic cells in the cat superior mesenteric ganglion [12] as well as the SG of newborn and young mice and rats were observed [21] . In contrast, numerous cell were present in the canine SG and MCG [22] , while VIP-IR neurons were not demonstrated in the ovine MCG [14] and porcine SCG [23, 25] . In the present study, single neurons displayed immunoreactivity to VIP.
In this study, single VIP-IR neurons were TH-negative and ChAT-negative, whereas TH-immunoreactivity in VIP-immunoreactive neurons of the human www.fhc.viamedica.pl lumbar ganglia [26] and porcine SCG [23, 25] were not identified. The coexistence of DBH-and VIP-IR neurons was not identified in the paravertebral and prevertebral sympathetic ganglia of the cat [27] , while the colocalization of DBH-and VIP-immunoreactivity was indicated only in neurons of thoracic ganglia in the pig [24] . In addition, some VIP-IR neurons were also TH-IR in the SG of newborn and young mice and rats [21] and most of the VIP-IR cells contained ChAT in the SG of newborn and young mice and rats [21] . On the other hand, the proportion of neurons expressing VIP-and TH-immunoreactivity as well as ChAT-immunoreactivity in the SG of newborn and young mice and rats decreased during postnatal development [21] because, according to Masliukov and Timmermans [21] , the development of different subpopulations of sympathetic neurons and expression of different combinations of neurotransmitters may be dependent on different combinations of trophic factors.
In this study, GAL was found only in single neurons of the porcine GSN neurons and they expressed strong immunoreactivity to galanin. In the SG of cat, a large number of GAL-IR neurons were present [28] , whereas in the SG of newborn and young mice and rats less than 1% of GAL-IR neurons were reported [21] . By contrast, immunoreactivity to GAL was not found in the SG of newborn and young mice [13] and in the SG of newborn and young mice and rats [21] , in the ovine MCG [14] , and in the porcine SCG [25] . No GAL-immunoreactive nerve cells were found in the thoracolumbar [11] and stellate ganglia of the pig [10] , while in the porcine CSMG only solitary GAL-IR neurons were detected [17] . In our study, double-immunofluorescence revealed that only single GAL-positive neurons did not show TH-IR, indicating that these cells are non-noradrenergic, whereas virtually all of the GAL-IR cell bodies in the inferior mesenteric ganglion of pig [29] did not show immunoreactivity to TH or only small population of the porcine SCG contained TH and GAL [23] .
The presence of the chromaffin cells in the ganglia of the porcine GSN seems to be logical because these cells originate from the neural crest and migrate to the area adjacent to the sympathetic ganglia (paraganglia) and to the medulla of the adrenal glands [30] . Possibly during their immigration in parental development, the chromaffin cells remain near to the ganglia of the GSN before populating the prevertebral ganglia and the medulla of the adrenal glands, because the GSN terminates primarily in adrenal plexus and celiacomesenteric plexus and ganglia [3] .
Enkephalins have been shown to inhibit noradrenaline release from sympathetic nerve terminals. Previous studies indicated also that approximately 20-30% of neurons of the pig SG [11] , and less than 5% in the porcine celiac-superior mesenteric ganglia [17] were immunoreactive to Met-enkephalin-Arg-Gly-Leu (MEAGL), whereas Lakomy et al. [11] described single MEAGL-positive neurons in the thoracic ganglia and more numerous in lumbar ganglia. In the present investigation, MET-immunoreactivity was localized in a few neurons of the porcine greater splanchnic nerve.
Numerous SOM-IR neurons were found to be present in the cat SMG [12] . However, in the pig, only a small number of such neurons were reported in the CSMG [17] and SG [11] . On the contrary, neurons of the SG of newborn and young mice [13, 18] and porcine SCG [24] did not exhibit immunoreactivity to SOM. Available papers did not report the presence of SOM in the thoracolumbar paravertebral ganglia of the pig [11] . In the present study, the greater splanchnic nerve ganglia contained only single SOM-positive neurons.
In the current study, neurons immunoreactive to SP or CGRP were not noted. These results differed from the previous findings which reported the presence of CGRP-IR neurons in SG of the cat [31] , in the human paravertebral ganglia [32] and in the SG of pig [17, 33] as well as the existence of SP-IR neurons in the SG of dog [22] , cat [31] , and pig [33] .
The perspective gained by the review of the developmental anatomy of the GSN may help to clarify why neurons in the ganglia of the GSN are immunohistochemically close to the prevertebral ganglia (e.g. celiacomesenteric ganglia). Greater splanchnic nerves derive from the caudal thoracic paravertebral ganglia during prenatal period [33] , and the ganglion cells in the splanchnic nerves represent cells that in their displacement from the primordia of sympathetic trunk ganglia do not reach the primordia of prevertebral ganglia. However, the primordia of prevertebral ganglia aggregate in the paths of the splanchnic nerves and differentiate into ganglion cells [35] . Structural changes [34] such as expression of catecholaminergic transmitter and neuropeptide phenotype in sympathetic neurons also occur during prenatal development and the development of different subpopulations of sympathetic neurons and expression of different combinations of neurotransmitters may be also dependent on different combinations of trophic factors [21] .
In summary, with regard to the presence of noradrenergic (TH/DBH-positive) neurons as well as NPY-, VIP-, GAL-, MET-, and SOM-positive neurons in the ganglia of porcine greater splanchnic nerve our data strongly suggest that the general immunohistochemical characterization of GSN neurons resembles that of the prevertebral ganglia. 
